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Abstract 
Carbon fiber-reinforced poly-phenylene sulfide laminate coupons were impacted at low-energy in a drop-tower machine and 
subsequently fatigued in a four-point bending fixture. The doubly damaged test pieces were then hot-press reconsolidated and
inspected nondestructively by vibrothermography to check their structural integrity. The residual mechanical properties of the 
laminate in both the as-damaged and as-repaired conditions were determined by compression loading with the in-plane strain 
fields determined via a digital image correlation system. Cross-section views of damaged and repaired samples were analyzed by 
light optical microscopy and correlated to residual mechanical properties, as were the digital image correlation and 
nondestructive test results. Based on the values of stiffness and ultimate strength of the repaired laminates, 10 J was inferred as 
the maximum impact energy at which it is worthwhile performing hot-press reconsolidation, in view of the applied fatigue 
history following impact. 
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1. Introduction 
The use of continuous carbon fiber-reinforcing thermoplastic matrix composite laminates in secondary and 
primary structural members of commercial jet aircrafts has been increasing steadily in the last decade (Dias and 
Rubio, 2003). Two of the most attractive characteristics of thermoplastic composite materials are their reparability 
and damage tolerance (Shin and Wang, 2002; Wang and Shin, 2002). Therefore, it is vital to determine not only their 
potential for reconsolidation by hot pressing after they are impact damaged and subsequently fatigue loaded, but 
also, and to the same extent, their after-repair ability in withstanding mechanical loads. 
In this work, high-performance continuous carbon (C) fiber-reinforced PPS (poly-phenylene sulfide) 
thermoplastic matrix coupons were low-velocity impacted in a drop-weight tower system and subsequently fatigued 
in a four-point bending fixture. The PPS-C coupons were then hot-press reconsolidated and inspected 
nondestructively by vibrothermography (sonic infrared thermography, or thermosonics) to ascertain their structural 
integrity. After that, their post-damage and after-repair residual mechanical properties were determined by in-plane 
compression testing, which were periodically recorded via a 2D digital image correlation (DIC) system to map 
strain-fields developed over the full test piece surface. A microstructural analysis was performed of cross-sectioned 
samples extracted from damaged and reconsolidated PPS-C test pieces via light microscopy to assess the conditions 
of the polymer matrix and reinforcing fiber to correlate them to results obtained from mechanical tests, as were the 
DIC and nondestructive inspection techniques. 
2. Material and test coupons 
Sixteen plies of 0/90° bidirectional 5-harness satin 3K T300 JB continuous carbon fiber fabric semi-impregnated 
with poly-phenylene sulfide (PPS) thermoplastic resin were piled-up in a quasi-isotropic ply arrangement 
[(0/90),(+45/-45)2,(0/90)]4 and hot-pressed at ~330 C to obtain a 5 mm-thick PPS-C flat laminates composed of 50% 
of fiber volume content. Rectangular test coupons with in-plane dimensions of (150 x 100) mm2 were machined 
using a water-refrigerated diamond cut-off wheel. 
3. Experimental setups and procedures 
3.1. Impact test 
PPS-C coupons were transversally impacted in a drop-tower testing machine. Single-impact loading with 10, 20 
or 30 J of energy was applied to a set of test pieces using an impactor with a 16-mm-diameter spherical steel tip, 
following the guidelines of the ASTM-D7136 standard (2007). 
3.2. Fatigue test 
Previously impacted PPS-C coupons were fatigue-tested in a four-point bending system assembled in a 
servohydraulic testing machine. A maximum compressive stress of 360 MPa, corresponding to 80% of the ultimate 
flexural strength of a 50 J-impacted test coupon, was applied to the specimen at a stress ratio of 6 and frequency of 4 
Hz during 5.5 104 cycles to simulate one operational fatigue lifespan, as per Brazilian aircraft industry protocol. The 
test set-up and experimental guidelines of the ASTM-D7264 standard (2007) were used. 
3.3. Hot-press repair 
Impacted and subsequently fatigued PPS-C coupons were sandwiched between flat metal molds and slowly 
heated under an inert gas atmosphere (N2) in a resistance furnace until a processing temperature of 330°C was 
reached. The molds containing pre-damaged coupons were then removed from the furnace and pressed between 
water-cooled plates. 
The heating and cooling rates, as well as the pressure applied during reconsolidation/repair of the impaired PPS-
C coupons, strictly followed the procedures described by Costa et al. (2008) for hot-compression manufacturing of 
full-scale PPS-C demonstrator products devised for Brazilian aircraft. 
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3.4. Compression after impact and fatigue (CAIF) test 
Because the in-plane compressive loading of pre-damaged fiber-reinforced polymer composite laminates is of 
utmost airworthiness concern due to the high potential for sudden instability in buckling behavior, the so-called CAI 
- Compression After Impact testing (herein referred to as CAIF - Compression After Impact and Fatigue) was 
chosen in this study for damage tolerance deals, following the guidelines of the ASTM-D7137 standard (2007). 
3.5. Digital image correlation (DIC) analysis 
Aiming primarily to evaluate the degree of hot repair of the fibrous thermoplastic laminates, digital images of the 
front and rear sides of damaged and/or repaired specimens were systematically captured during the in-plane 
compression tests (CAIF) and then processed by the DIC technique to map the in-plane strain fields of the laminates 
(Besnard et al., 2006). A suitable coat of paint was first applied to the specimen´s sides to create a grayscale contrast 
speckle that would enable the Correli-Q4  software to map a grid with nodes and elements. High resolution digital 
cameras (Canon  Model 50D) were employed to capture simultaneous and consecutive images of both sides of the 
specimen, impacted (front side in Figure 1) and non-impacted (rear side), at a rate of 6 frames/min. 
 
 
Fig. 1. CAIF and DIC set-ups. 
The maximum and the minimum principal in-plane strain fields respectively developed in the laminates were 
then determined for both faces of the test coupons. These strain fields allowed to identify the existence of damage 
introduced previously into the laminate (by impact and/or fatigue, for example), as well as the presence of any 
possible residual damage that has not been hot-press repaired, since these locations will concentrate the applied 
stresses, and hence, will accumulate the corresponding strains. 
3.6. Nondestructive inspection 
Thermosonic imaging or vibrothermography was first developed by Favro et al. (2001). Ultrasounds are 
employed as a source of excitation to cause the interfaces of defects to clap or rub against each other, and the heat 
thus produced can be observed with an infrared camera. Subsurface defects become visible over time, as heat 
diffuses from the inner defect to the surface of the workpiece. 
In this study, a FLIR Phoenix  medium wavelength infrared camera (spectrum from 3 to 5 mm) with a noise 
equivalent temperature difference (sensitivity) < 25 mK was employed, with thermograms of 640x512 pixels 
collected at a rate of 50 Hz. An ultrasound generator Branson  2000b with power excitation ranging from 15 to 25 
kHz, amplitude modulation from 0 to 100 % and modulation frequency of 0.2 Hz was utilized to vibrate the PPS-C 
coupons. The specimens were inspected by lock-in vibrothermography from the front (impacted) and rear sides. One 
complete period was processed by Principal Component Thermography - PCT (Ibarra-Castanedo et al., 2013). 
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4. Results and Discussion 
4.1. Impact test 
Figure 2 shows the front and rear sides of the PPS-C laminates impacted, respectively, at 10 and 20 J. Note the 
clearly visible and relatively deep indentations caused by the impacts upon the front side and the corresponding 
damage generated on the reverse side. 
 
 (a)      (b) 
 (c)      (d) 
Fig. 2. Impacted PPS-C coupons: (a) 10 J (front view); (b) 10 J (rear view); (c) 20 J (front view); (d) 20 J (rear view). 
4.2. Fatigue test 
Previously impacted specimens were fatigue-tested in a servohydraulic machine assembled with a four-point 
bending system. No visual signs of fatigue damage were detectable in the pre-impacted specimens. 
4.3. Hot-press repair 
Figure 3 depicts the front and rear sides of the PPS-C pre-damaged (impacted plus fatigued) and subsequently 
repaired by the simultaneous application of heat and pressure.  
 
 (a)      (b)      (c)
 (d)      (e)      (f) 
Fig. 3. Hot-reconsolidated PPS-C coupons after transversal impact and subsequent flexural fatigue: (a) 10 J (front view); (b) 10 J (rear view); (c) 
20 J (front view); (d) 20 J (rear view); (e) 30 J (front view); (f) 30 J (rear view). 
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As can be seen, no vestige of damage after hot-press reconsolidation can be detected for 10 and 20 J impacted 
and subsequently fatigued coupons. However, the specimen impacted at 30 J and then fatigued exhibits visually 
perceptible residual damage, so that from the standpoint of a simple visual inspection, the latter specimen would be 
rejected in terms of repairability. 
4.4. Compression after impact and fatigue (CAIF) test 
Figure 4 shows the numerical results of two important mechanical properties obtained under in-plane 
compression for the various conditions in which the PPS-C specimens were tested. Firstly, note that the ultimate 
strength of the composite laminate (Figure 4a) is fairly negatively affected by the impact of 10 J, while the impact of 
20 J causes a substantial decline in that property, which is consistent with the images shown in Figure 2. 
Furthermore, note that the flexural fatigue subsequently applied to the impact load of 10 J intensifies the decrease in 
ultimate strength of the PPS-C laminate, while after undergoing impact energy of 20 J, the subsequent fatigue to 
which the test coupon is subjected causes it to recover that mechanical property. This fact is reported frequently in 
the literature (e.g., Tarpani et al., 2006) but only under purely tensile cyclic loads, when it is commonly called wear-
in effect. It is therefore interesting to observe this occurrence also under flexural loading conditions, in which a 
combination of tension and compression is developed. Still with respect to Figure 4a, note that the hot 
reconsolidation/repair of the laminate impacted at 20 J and immediately subjected to flexural fatigue caused a 
recovery of the ultimate compressive strength to a higher level than that achieved with the specimen impacted at 10 
J and then subjected to the same aforementioned fatigue loads, with the material reaching a degree of restoration 
very close to the virgin laminate condition. In principle, this superior performance of the repair process of the 
material subjected to a higher impact load (20 J) may be associated directly with the recovery generated by fatigue 
loading applied after the mechanical shock. Figure 4b illustrates the stiffness of the PPS-C laminate under the seven 
distinct conditions in which it was in-plane compression tested. In this case, the effect of the previous impact 
predominates over the fatigue applied consecutively to the specimens, such that the higher the impact load the lower 
the performance of the material. The aforementioned wear-in effect is not observed in the case of Figure 4b, and the 
recovery rates resulting from hot reconsolidation/repair are not noteworthy in relation to the property displayed by 
the material in the virgin condition. Figure 4c shows a typical catastrophic fracture under in-plane compression 
exhibited by a PPS-C specimen impacted at 20 J and subsequently fatigued. 
 
 (a)      (b)
 (c) 
Fig. 4. (a) Ultimate compressive strength; and (b) Stiffness of the PPS-C laminate in seven different conditions; (c) Typical CAIF fracture. 
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4.5. Digital image correlation (DIC) analysis 
Figure 5 shows the DIC results. Without exception, the reference image was obtained under a compressive load 
of 20 kN, while the analyzed image was collected under a compressive load of 80 kN to allow for a comparison of 
the results. Note that when the impact energy is increased (before applying flexural fatigue loads) the extent of the 
resulting damage increases. The images also indicate that reconsolidation ensures local recovery of the damage, 
making it virtually imperceptible. The ripple-like pattern observed in the images of Figure 5b is much probably 
associated with buckling mode failure of the outer reinforcing fiber layers of the thermoplastic composite laminate. 
 
 (a) 
 
 (b) 
Fig. 5. Comparison of the: (a) Maximum (positive); and (b) Minimum (negative) principal strain fields calculated by the DIC technique during 
the CAIF test of non-repaired and repaired specimens, respectively, after being subjected to a single impact followed by flexural fatigue. 
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4.6. Nondestructive inspection 
Figure 6 shows the thermograms obtained by vibrothermography from the front and rear sides, respectively, of a 
laminate test coupon subjected to an initial impact of 20 J, followed by flexural fatigue loading and subsequently 
hot-compression repaired. Some internal damage is still detectable even after the reconsolidation process, as 
indicated by the dotted circles. These results agree to a large extent with the DIC analysis, which also revealed 
internal residual damage after the hot repair procedure of that test coupon. 
It is worth mentioning that the internal damage was not detected by any other active thermography technique 
attempted in this study, like optical pulsed, lock-in and linescan modalities. 
 
 (a)      (b) 
Fig. 6. Processed thermographic results by PCT for a 20 J-impacted, fatigued and subsequently repaired PPS-C coupon: (a) Front side (impacted) 
inspection; and (b) Rear side inspection. 
4.7. Microscopy of damaged and repaired laminates 
Figure 7 shows light optical microscope images of cross-sectioned samples in the 20J-impacted and fatigued 
(7a), and subsequently hot-compression repaired (7b) conditions, respectively. Damages consist mainly, if not 
totally, of intra-ply and inter-plies cracks (7a). Voids are the only residual damage that persists after the hot repair 
process (7b). The results are consistent with those shown in Figures 5 and 6 for these test pieces conditions. 
 
 (a)      (b) 
Fig. 7. Cross-sectional views of: (a) Laminate impacted at 20 J and subsequently fatigued; (b) After hot reconsolidation/repair. 
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5. Conclusions 
This study demonstrated the feasibility of recovering mechanical properties of high-performance thermoplastic 
composite laminates subjected to impact and fatigue damages typically verified in the aircraft industry. The highest 
impact load for a feasible hot repair process was estimated to be 10 J, based on in-plane compression tests after 
impact and fatigue. This energy value corresponds just to a fraction of the 20 J earlier predicted by Tarpani et al. 
(2010) working with three-point-bending testing for residual mechanical properties. Complementary inspection 
techniques such as digital image correlation, vibrothermography and materialographic analysis were shown to be 
powerful tools in providing reliable information regarding the structural integrity state of pristine, pre-damaged and 
post-reconsolidated PPS-C test pieces, thus corroborating the obtained mechanical results. 
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